Two dimensional crystals have recently emerged as an interesting family of materials with a large variety of electronic properties ranging from superconductors to topological insulators [1] [2] [3] [4] [5] [6] [7] [8] .
Although graphene is by far the most studied two-dimensional crystal [9] , its lack of bandgap hampers its application in semiconducting and photonic devices. A large bandgap is a requirement, for instance, to fabricate field effect transistors with a large current on/off ratio and low power consumption. This fact has motivated the research in other 2D crystals with a large intrinsic bandgap such as atomically thin MoS 2 [10] [11] [12] [13] [14] [15] [16] . Single layer MoS 2 transistors have shown large in-plane mobility (200-500 cm 2 V -1 s -1 ) and high current on/off ratio (exceeding 10 8 ) [17] making this material of great interest for electronic devices and sensors [17] [18] [19] , possibly also in combination with graphene [20] . A deep insight into the charge distribution and on the electric field screening by atomically thin MoS 2 layers will allow to engineer MoS 2 -based transistors towards an improved performance and also to understand the role of their layered structure in the electric field screening. However, no direct measurement of the electrostatic screening length in MoS 2 layers has been reported yet. Moreover, the role of the interlayer coupling in the screening (neglected for other layered materials such as few-layer graphene) is still unclear.
The aim of this work is to study the electrostatic screening by single and few-layer MoS 2 sheets by means of electrostatic force microscopy in combination with a non-linear Thomas-Fermi Theory to interpret the experimental results. We find that a continuum model of decoupled layers, which satisfactorily reproduces the electrostatic screening for graphene and graphite, cannot account for the experimental observations. A three-dimensional model with an interlayer hopping parameter can on the other hand successfully account for the observed electric field screening by MoS 2 nanolayers, pointing out the important role of the interlayer coupling in the screening of MoS 2 .
Figure 1(a)
shows an optical micrograph of a multilayered MoS 2 flake deposited on a Si/SiO 2 substrate. The regions showing different color under the optical microscope correspond to zones of the flake with different number of layers [21, 22] , with the faint purple region at the center of Figure 1 (a) corresponding to a single layer MoS 2 . Figure 1(b) shows the AFM topography image, measured in contact mode in the region marked by a dashed square in Figure 1(a) . A topographic line profile is also shown, indicating that the thickness of the thinner part of the flake is 0.7 nm which is compatible with the thickness of a MoS 2 single layer. Figure 1(c) shows the spatial map of the frequency difference between the E 1 2g and A 1g Raman modes, which increases monotonically with the number of MoS 2 layers [23, 24] , measured in the area marked by a dashed rectangle in Figure 1 In order to gain a deeper insight into the interlayer screening in atomically thin MoS 2 flakes we employed electrostatic force microscopy (EFM) to probe the electric field, caused by charged impurities present in the MoS 2 /substrate interface [25, 26] , which is incompletely screened by the atomically thin MoS 2 crystals. The EFM measurements have been carried out as follows: the AFM tip is placed 20 nm above the surface of the flake and a voltage ramp is applied to the tip while measuring the oscillation amplitude of the cantilever which changes due to the tip-sample electrostatic force [26] . The relationship between the applied voltage and the electrostatic force is given by [27] ( ) where C is the tip-sample capacitance at the tip-sample distance z, V tip is the tip-sample bias voltage and V s is the surface potential of the sample. The oscillation amplitude has a parabolic dependence on the tip-sample voltage and its vertex occurs at a voltage that counteracts V s (see Figure 2 (a)). For bulk samples, the value of V s is just the tip-sample contact potential difference (V CPD ) due to the work function (Φ) difference between tip and sample. For atomically thin MoS 2 samples, however, the electric field generated by charged impurities at the MoS 2 /substrate interface cannot be fully screened and thus V s is modified (see sketch in Figure 2 (b)). This effect can be seen as a shift of the parabola vertex as a function of the sample thickness, as shown in Figure 2 (a). We have checked that the determined V s value does not depend on the tip-sample distance by repeating each measurement while increasing the tip-sample distance by small steps up to a total tip-sample distance of 40 nm. Additionally, we also observed that the determined value does not depend on the free-oscillation amplitude of the cantilever within the range employed in our experiment (5 nm to 2 nm). [28, 29] . For small thicknesses, the sign and magnitude of the deviation from the bulk value of V s (∆V s ) is related to the sign and the density of the charges in the MoS 2 flakes [29] . In particular, from the decrease of ∆V s with flake thickness we infer negative (electron) doping, compatible with the presence of positively charged impurities in the substrate. The presence of positively charged impurities in the SiO 2 substrate is common in MoS 2 based field-effect transistor devices, showing a marked n-type behavior [17, 18, [30] [31] [32] [33] . This It is interesting to notice that the dependence of ∆V s (D) as a function of thickness is quite weak, indicating a screening as poor as the one observed in graphene [29] . This appears to be quite surprising since the poor screening in graphene is related to the linear vanishing density of states (DOS) N(ε) ~ ε, whereas in MoS 2 the conduction band can be described by a conventional parabolic dispersion. Dimensionality plays thus here a non trivial role since an even weak hopping t ┴ between different layer of MoS 2 can change the low energy DOS from N(ε) ~ const.
to N(ε) ~ ε 1/2 .
In order to gain a quantitative insight into this issue, we have employed a non-linear ThomasFermi (TF) theory for the screening properties, as successfully done for graphite [34, 35] and graphene [29] . Following a similar scheme as in Ref. [29] , we first consider a continuum model of decoupled MoS 2 layers described by a parabolic two-dimensional (2D) conduction band ε = ћ 2 k ║ 2 /2m ║ . As experimental values for the in-plane mass m ║ range in literature m ║ ≈0.01-0.1m e [36] [37] [38] , the m ║ value used here has been fitted (within this interval) to ensure the best agreement with the experimental data. We also take a dielectric constant along the z-axis κ ┴ =7.4 from Ref. [39] . We assume that a charge transfer takes place between the MoS 2 flakes and the SiO 2 substrate, leaving a net surface charge density σ 0 and establishing an underneath layer below the substrate surface with charge σ 0 (see inset in Figure 3(a) ). The charge distribution σ(z) as well as the electrostatic potential V(z) in the multilayer samples as functions of z (distance from the substrate) result thus from the energetic balance between the kinetic and the interlayer capacitance terms. Following Ref. [29] , for a sample of thickness D, we introduce dimensionless http://onlinelibrary.wiley.com/doi/10.1002/adma.201203731/abstract exponential behavior, the long tail for large D. We argue that the reduced screening properties of thick flakes of multilayer MoS 2 is essentially due to the interlayer hopping, which, unlike graphene, drives multilayer MoS 2 in a "weak-coupling" regime where the characteristic screening length ξ is of the same order or larger than the sample thickness.
We can investigate this case by considering a three-dimensional (3D) model for bulk MoS 2 with an anisotropic three-dimensional conduction band ε = ћ 2 k ║ 2 /2m ║ + ћ 2 k ┴ 2 /2m ┴ , where the mass m ┴ is related to the interlayer hopping t ┴ as m ┴ =ћ 2 /2│t ┴ │d 2 . We estimate t ┴ ≈ -0.2 eV from the splitting of the minimum of the conduction band as a function of the number or layers, [40] and we get hence m ┴ ≈ 0.5m e . Note also that in three-dimensional bulk MoS 2 the minimum of the conduction band shifts to a finite momentum along the K-Γ direction [41] [42] [43] , so that the valley degeneracy results N v = 6 [44] . Defining now r D = σ 2/3 (D)/ σ 2/3 (0), the screening properties are now determined by the implicit equation
where here
, and the difference potential across a sample of thickness D (see Supplementary Material): . This is quite different from the graphene case where a strong-coupling regime is achieved already for z ≥ 1-2 nm [29] .
In conclusion, a combined experimental and theoretical study of the electrostatic screening by single and few-layer MoS 2 sheets has been presented. We have probed the electric field, generated by charged impurities in the MoS 2 /substrate interface, which is incompletely screened by MoS 2 sheets with different number of layers. A three-dimensional non-linear Thomas-Fermi model with a non-negligible interlayer hopping parameter has been employed to reproduce the experimental results. This demonstrates that unlike for other atomically thin crystals such as graphene, the interlayer coupling plays an important role in the screening processes for MoS 2 .
Experimental
MoS 2 nanosheets have been fabricated by mechanical exfoliation of MoS 2 (SPI Supplies, 429ML-AB) with Nitto Denko tape. In order to ensure the optical visibility of ultrathin MoS 2 layers, Si/SiO 2 wafers with a 285 nm SiO 2 layer are used [21] . We identify single and few layer MoS 2 sheets under an optical microscope and estimated the number of layers by their optical contrast [21] . Prior to the transfer, the Si/SiO 2 substrates have been cleaned following standard procedures in nanofabrication. First, the Si/SiO 2 substrate has been cleaned with nitric acid in an ultrasonic bath for 5 minutes. Second, the substrates have been thoroughly rinsed with deionized water. Third, the substrates have been immersed in iso-propanol and dried by blowing with nitrogen gas. In order to remove any organic residue from the surface, the substrates are further cleaned in a UV/Ozone generator (Novascan) for 10 minutes just before the transfer.
The topography of the MoS 2 nanolayers has been characterized with a Nanotec Cervantes AFM. Standard silicon cantilevers with spring constant of 40 N/m and tip curvature <10 nm have been used to operate in the amplitude modulation mode (for the EFM measurements). Softer cantilevers with spring constant of 0.7 N/m and tip curvature <20 nm have been employed to operate in the contact mode AFM. Contact mode AFM has been employed to avoid thickness determination artifacts due to the thickness dependent surface potential of the MoS 2 flakes. The AFM piezoelectric positioners have been calibrated by means of a recently developed method to provide accurate measurements of the flake thicknesses [45] .
A micro-Raman spectrometer (Renishaw in-via RM 2000) was used in a backscattering configuration excited with a visible laser light (λ = 514 nm), at low power levels P < 1 mW, to double check the number of layers of the studied MoS 2 flakes [23, 43] .
